INTRODUCTION
A rubber product results from uniformly mixing the main starting material, the rubber stock, with compounding agents including carbon black, inorganic filler, crosslinking agent and organic additives in a mixer, etc, and then applying heat and pressure in a die to effect three-dimensional crosslink ing. For many products, typically tyres, conveyor belts and hoses, the material is additionally transformed into a composite with textiles, metals, etc. With rubber compounding design and processing it is possible to impart a diverse range of performance to vulcanised rubbers. The chief characteristics and applications [1] of various rubber stocks are listed in Table 1. Table 2 sets out the function and make-up of rubber compounding agents [2] .
Rubber analysis is an extremely important supporting technology in rubber product research and development, and demands analytical techniques that range widely according to need, from cutting edge analyses to general purpose techniques.
ANALYSIS OF VULCANISED RUBBER COMPOSITION
Analytical methods and procedure for examination of vulcanised rubber
The purpose in analysing the composition of vulcanised rubbers may be to confirm that the manufacturer's own material accords with the compound design, or to elucidate the cause of processing difficulties and faults in manufacture; while in analysing other manufacturers' products, the purpose may be to study external trends. Analysis requires detailed analytical methods for the rubber component making up the main starting material, along with appropriate qualitative and quantitative methods for the various compounding agents. Table 3 lists JIS methods [3] for the analysis of vulcanised rubbers and Figure 1 shows an example of the procedure generally followed for vulcanisates.
Where the recipe is unknown, a suitable pretreatmentseparation-analysis procedure can be followed once the "outline composition" of the vulcanised rubber has been identified. Rubber stock and compounding agents vary so widely that the wrong result will be obtained unless their properties are thoroughly understood; and since the various starting materials commonly assume a different structure in the vulcanisate, the structural changes due to the recipe and production history also have to be taken into consideration.
Examination of the infrared absorption (IR) spectrum of the vulcanised rubber as such goes some way to identifying the rubber component and the presence and nature of the inorganic filler. JIS K 6230 gives a table of the characteristic absorption bands and standard spectra for 25 different rubbers. Although the JIS method specifies transmission spectrometry, information may be very readily obtained from small samples by using attenuated total reflection (ATR) spectrometry. ATR may be multi-or single reflection ATR; single reflection ATR using a germanium prism of high refractive index is effective if a large amount of carbon black has been incorporated [4] . The reader is referred to the many monographs on ATR for the principles and details of operation. It should be kept in mind that a bloom variously consisting of the wax incorporated to prevent ozone degradation, the zinc stearate reaction product of zinc white with stearic -It is desirable to extract the analytical sample to remove additives that could affect the separation of peaks on the pyrogram (applies especially to oil extended rubber).
-The sample size is normally 0. -Lists the compounds detected for 31 age resistors, with mass charge ratios (m/z) unique to the mass spectra and GC retention indices (chromatograms and mass spectra also given).
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acid, and other compounding agents, develops on the vulcanisate surface a short time after vulcanisation; the interior of the material must therefore be examined to check the bulk composition as indicated in JIS K 6225. Figure 2 shows examples of ATR spectra of the surface and interior of a rubber vulcanisate left to stand for a long time after vulcanisation. It will be seen that whereas the rubber and filler are difficult to identify from the ATR spectrum of the surface on which a substantial wax bloom has formed, it can be deduced from the internal ATR spectrum that the rubber is a blend of natural rubber (NR) and styrene-butadiene rubber (SBR) and has been compounded with silica (SiO 2 ). However, care must be taken when comparing ATR spectra with trans mission spectra since in ATR the peak intensity increases with decreasing wavenumber.
In addition to IR spectrometry of the bulk material, X-ray fluorescence (XRF) analysis is useful for identifying the inorganic fillers and elements, as is pyrolysis GC/ MS (gas chromatography/mass spectrometry) for identification of the rubber moiety.
In pyrolysis GC/MS instruments, a pyrolyser is connected to the sample inlet of the gas chromatograph; the chemical structure and composition of the original sample are then analysed on the basis of the analytical results for the pyrolysis products. The technique is indispens able for analysing the composition of polymer materials, particularly insoluble materials like vulcanised rubbers. Much information on organic additives may be obtained using pyrolysis GC/MS instruments for thermal desorption GC/MS at temperatures that preclude decomposition of the rubber. Using a combination of the techniques, i.e. two stage thermal desorption-pyrolysis GC/MS, separate information can be obtained on organic additives and the rubber stock. Since a single analysis requires only a small sample, no more than 0.1 mg, the method can provide much information on the rubber recipe even when little material is available. Figure 3 shows an example of two-stage thermal desorption-pyrolysis GC measurements [5] .
Determination of composition by thermo gravimetric analysis (TG)
The principle, operating conditions and calculations are set down in detail in JIS K 6226-1 and JIS K 6226-2. Care is needed since rubbers such as NBR and halobutyl rubber that contain polar groups carbonise when pyrolysed in nitrogen, making separation from carbon black difficult, while calcium carbonate undergoes decarbonation above 600°C. Figure 4 is a schematic TG diagram, with some differences in conditions from the JIS method. Although the decrease in mass at 300°C is roughly equal to the total amount of non-rubber organic components, it is by no means consistent with the result of solvent extraction noted in 2.5 below. If the non-rubber organic components can be completely extracted by solvent extraction, the total rubber content is found by subtracting the mass of the solvent extract from the decrease in mass at 600°C. Examination by this technique is possible at a sample size of around 10 mg. 
Qualitative and quantitative analysis of inorganic components
The XRF analysis noted in 2.1 and analysis by inductively coupled plasma (ICP) emission spectrometry are widely used. Providing elemental analyses across the entire range, from main component analysis to trace analysis of ppm order, they are applicable to the analysis of inorganic fillers, vulcanisation accelerators, residual catalyst, and harmful matter.
XRF takes two forms: EDX (energy dispersion XRF)
and WDX (wavelength dispersion XRF), the latter taking longer but offering high resolution. XRF allows examination of intact samples, dispensing with the need for pretreatment, but when quantitative analysis is performed care must be taken with sample geometry (surface smoothness and thickness) and matrix effects. Quantitation uses the calibration curve or fundamental parameter (FP) procedure but in either case it requires a reference sample of similar composition to the test sample.
ICP requires pretreatment (dissolution) of the sample, which is generally taken into dilute aqueous solution with mineral acid. Dissolution may include ashing or acid decomposition; in either case, care must be taken to avoid dispersal of the target elements and adsorption onto the container. Microwave sample pretreatment units are also marketed, and although acid decomposition can be performed in a closed system, the sample size capable of decomposition is limited because of the rise in pressure. Commercial reference solutions are used to construct calibration curves for sample quantitation.
Estimation of total sulphur
Methods are provided by JIS K6233-1 and JIS K 6233-3. The oxygen combustion flask method entails placing rubber pieces in a combustion flask holding aqueous hydrogen peroxide solution and effecting combustion in an oxygen atmosphere to convert sulphur to sulphuric acid, which is then determined by titration; determination by ion chromatography is also possible. Sulphur can also be conveniently determined using a commercial sulphur analyser.
In addition, rubber-bound sulphur can be determined by subjecting the rubber extraction residue to a similar analysis.
Separation of additives by solvent extraction
By way of pretreatment to improve extraction efficiency, the vulcanised rubber is first pulverised with cryogenic grinding equipment, etc, or else chopped into 1-2 mm square pieces with scissors, etc. The extraction procedure and a list of recommended solvents for the raw rubber, unvulcanised rubber compound and vulcanisates are given for 31 kinds of rubber in JIS K 6229, to which reference should be made. The method of extraction is usually Soxhlet extraction, though since this is time consuming (the extraction time in JIS K 6229 is 16±0.5 hr), equipment using accelerated solvent extraction (ASE), supercritical fluid extraction (SFE) and microwave extraction has recently been deployed as means of faster extraction.
Qualitative and quantitative determination of rubber (polymer blend ratio)
As noted in 2.1, pyrolysis GC/MS examination is useful for qualitative determination of the rubber. JIS K 6231-1 gives pyrograms for representative rubbers though in addition to GC retention times, identification with the mass spectrum is needed for unknown samples.
The technique known as reactive pyrolysis GC is useful for ester or urethane type thermoplastic elastomers that evolve polar compounds on pyrolysis. The reader should refer to the review in this special issue.
Quantitative determination of the rubber (polymer blend ratio) requires samples for the construction of calibration curves, as indicated in JIS K 6231-2. However, as JIS K 6231-1 notes, it is difficult to distinguish between SBR single polymers and SBR/BR blends or between different SBR blends when analysing an unknown sample containing SBR since the styrene content of the SBR in the rubber is unknown.
Pyrolysis GC may also be used to quantitate the diene component in ethylene-propylene-diene rubber (EPDM). As noted in Table 1 , EPDM is used in automotive components on account of its superior weatherability. The diene constituent, typically ethylidene-norbornene, is intro duced so that sulphur cure can be achieved. Pyrolysis GC quantitation of the ethylidene-norbornene constituent in EPDM has been documented and is equally applicable to the vulcanised rubber [6] .
Primary structural analysis of polymers by solid high resolution NMR (nuclear magnetic resonance) has also been used in recent years. The microstructural analysis of polymers generally presents difficulties in solid NMR but the technique does afford detailed information on, for instance, elastomers of high molecular mobility; much information can also be obtained on vulcanised rubbers. When the rubber has been compounded with a lot of carbon black, however, the spectral line width broadens in the vulcanisate, making analysis more difficult.
Qualitative and quantitative analysis of additives
The qualitative and quantitative analysis of additives is achieved by GC, GC/MS and LC/MS (liquid chromatography/ mass spectrometry) of the solvent extract. GC-MS and GC are suitable for the qualitative and quantitative analysis of age resistors. JIS K 6241 employs the two methods noted in 2.1, namely thermal desorption GC/MS and solvent extraction GC/MS. Detailed information is given for thirty-one different age resistors, making the standard extremely useful as a database. Quantitation is achieved by constructing a calibration curve with the aid of a reference material.
Vulcanisation accelerators are important compounding agents, participating directly in the curing reactions, and impact greatly on the properties of the vulcanised rubber. However, the analysis of accelerators is fraught with difficulty not least because of their great diversity, low recipe content, and the decomposition and structural change they undergo in vulcanisation. The decomposition products persisting in the vulcanisate can be examined qualitatively by thermal desorption GC/ MS, the accelerator incorporated being inferred from the particular combination of decomposition products. Table 4 lists representative examples of vulcanisation accel erators and the chief components detectable by thermal desorption GC/MS of the vulcanised rubbers in which they are incorporated.
An analytical method exploiting supercritical fluid extraction and UPLC/Q-Tof-MS (ultra-performance liquid chromatography/quadrupole time-of-flight mass spectrometry) has been reported for additives in vulcanised rubber products, including accelerators [7] .
Although a number of methods for free sulphur determin ation are specified in JIS K 6234, sulphur can be conveniently determined by the GPC (gel permeation chromatography) of a solvent extract [8] .
DETAILED ANALYSIS OF VULCANISED RUBBERS

Analysis of sulphur crosslink structure in vulcanised rubber
The properties of vulcanised rubbers depend greatly on their crosslink density and crosslinked structure. Sulphur crosslinks may have a monosulphide, disulphide or polysulphide structure, but there are also pendant sulphide linkages and cyclic sulphide linkages that make no contribution to crosslinking. The general chemical structures of sulphur crosslinks are shown in Figure 5 [9].
Chemical analysis of sulphur crosslink structure is possible by determining the fraction of monosulphide, disulphide and polysulphide linkages by cleavage of the disulphide and polysulphide linkages with LiAlH 4 and cleavage of the polysulphide linkages with 2-propanethiol [10] . Recently, moreover, a field gradient-fast magic angle spinning (FG-MAS) solid NMR technique has been developed as a new type of solid high resolution 13 C-NMR, and progress is being made with detailed analysis of crosslinked structure by this technique [11] .
Analysis of the type of carbon black in vulcanised rubber
Many types of carbon black, each with different reinforcing properties, can be encountered in vulcanised rubbers. Rubber grade carbon blacks were formerly classed on the basis of particle size distribution into SAF (super abrasion furnace), ISAF (intermediate super Figure 5 . General chemical structure of sulphur cross links [9] abrasion furnace), HAF (high abrasion furnace), XCF (extra conductive furnace), FEF (fast extrusion furnace), GPF (general purpose furnace), SRF (semi-reinforcing furnace), FT (fine thermal) and MT (medium thermal) black, here listed in order of increasing size. Nowadays, however, ASTM D1765 (American Society for Testing and Materials standard) provides a detailed classification [12] . The vulcanised rubber is heated in an oxygen-free atmosphere to effect degradation (dry distillation) of the rubber component, and the carbon black is then recovered and examined with a transmission electron microscope (TEM); the type of carbon black in determined from the particle size. A more reliable approach is to make TEM observations on various carbon black source materials beforehand and compare the images.
Analysis of the state of filler dispersion in vulcanised rubber
Mixing disperses carbon black in the rubber matrix and since the state of dispersion greatly affects the rubber properties, detailed analysis of dispersion is vitally important. An indirect method is to measure electrical resistivity, while direct methods include surface examination (visual observation, SEM observation, etc) and transmission microscopy (light microscope -ASTM D2663 B, TEM, etc). SEM (scanning electron microscopy) can be used for analysis of macrodispersion, though in this case a smooth surface (cross-section) is important. Dispersion at the microscopic level can be analysed by TEM (transmission electron microscopy) but this demands expertise since rubber sections must be cut thin enough to allow transmission of the electron beam. Ultrathin sections are prepared using an instrument known as a cryomicrotome. Figure 6 shows a rubber section thus prepared, with examples of TEM observations [13] .
The type of carbon black can also be determined by TEM examination of rubber sections, and the distribution of carbon black between the rubber blend components can be analysed by staining (using osmium tetroxide, ruthenium tetroxide, phosphotungstic acid, etc). In addition, it has recently become possible to visualise three-dimensional dispersion with the aid of 3D-TEM (three dimensional transmission electron microscopy), enabling analysis of the carbon black network structure. The aggregation and dispersion of carbon black and silica in rubber are easily investigated using 3D-TEM observations and image analysis [14] . Examination of rubber compounds by AFM (atomic force microscopy) is also being actively pursued.
CONCLUSIONS
Aside from information on the raw materials (the types and amounts), vulcanised rubber holds information on the history of successive stages of manufacture including mixing conditions and vulcanisation conditions. The spent products also hold information on product usage conditions such as the thermal history and service environment of the product. Much useful information indispensable to rubber product research and development can be extracted by using the appropriate analytical technology. Analytical technology merits greater use.
